depolymerization factor, from ADP-G-actin. These functions are accomplished through a high-affinity association of the Srv2p C terminus with ADP-G-actin, which releases it from cofilin (Balcer et al., 2003; Balderhaar et al., 2013; Chaudhry et al., 2010; Mattila et al., 2004; Moriyama and Yahara, 2002) . By contrast, the N-terminal oligomerization and the HFD domains can catalyze cofilin-mediated severing of actin filaments (Chaudhry et al., 2013; Jansen et al., 2014) . In addition, several proteins have been reported to selectively bind to either the P1 or P2 region of Srv2p; profilin, a nucleotide exchange factor for actin, binds to P1 (Bertling et al., 2007) , and Abp1p, an actin binding protein, binds to P2 (Freeman et al., 1996; Lila and Drubin, 1997) . Although these studies provide a potential framework for understanding how Srv2p and its binding proteins regulate the assembly and disassembly of actin filaments in vitro, the physiological role of Srv2p in the formation of actin patches and/or cables has still remained unclear.
In the present study, we screened yeast strains carrying single-gene deletion mutants for ones exhibiting defects in actin cable formation and dynamics and identified SRV2 as such a gene. We also demonstrated that the srv2 mutant exhibits severely defective actin patch disassembly and endocytic internalization. Furthermore, we analyzed several domain-deletion and point mutants of Srv2, and revealed functional regions of Srv2p required for the proper assembly and disassembly of actin patches and cables. These data indicate multiple in vivo roles for Srv2p in the regulation of the actin cytoskeleton required for normal endocytosis.
Abp140-3GFP showed that some actin cables are recruited to cortical patches before actin patch formation, whereas others were recruited thereafter (Supplementary material Fig. S2A , 2B, and Supplementary material Movie 3). Quantitative analysis to categorize actin cable recruitment as occurring before, after, or simultaneously with actin patch formation revealed that ~39% of actin cables were recruited after actin patch formation whereas ~48% were recruited beforehand in wild-type cells (Supplementary material Fig. S2C ). Similar analysis was performed for the deletion mutants, except for sla2 in which severely defective actin patch formation was observed (Kaksonen et al., 2003) .
The proportion of actin cables that were recruited after actin patch formation was markedly increased (>60%) in the bni1-12 bnr1cap1, cap2 and srv2 Fig. S2C ). As shown in Fig. 1B , all of these mutants exhibited increased fluorescence intensity of actin patches. Among these mutants, srv2 exhibited the most intriguing phenotypic change in actin cable dynamics, and therefore was the mutant we decided to focus our analysis on.
mutants (Supplementary material
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Aberrant actin cable dynamics in the srv2 mutant
Srv2p has been demonstrated to be part of a multimeric complex that recycles actin monomers from ADF/cofilin, making them available for new rounds of filament assembly (Goode et al., 2015; Ono, 2013) . In wild-type cells, actin cables show a polarized alignment, extending from the bud neck towards the opposite tip, parallel to the longitudinal axis of the cell ( Fig. 2A) . In contrast, in the srv2 mutant, these polarized actin cables were observed much less frequently than in wild-type cells (7.2% and 92.5%, respectively) ( Fig. 2B) , and fragmented short actin cables oriented in random directions were more evident ( Fig. 2A, arrowheads) . Quantitative analysis of actin cable lengths revealed that short actin cables (<2 m) were significantly increased in srv2 cells relative to wild-type cells (Fig. 2C, D) . Short actin cables move faster than long ones, yet the velocity of actin cables was almost the same between wild-type and srv2 cells when cables of the same length were compared to one another (Fig. 2D ).
We next examined the dynamics of actin cables at cortical patches in the srv2 mutant.
In wild-type cells, we observed that actin patches invariably associate with actin cables and then disappear on them, as reported previously (Fig. 2E) (Huckaba et al., 2004; Toshima et al., 2006) . In the srv2 mutant, on the other hand, we found that actin cables were directed to pre-existing actin patches, became associated with them, and then moved away from them (Fig. 2F , red arrowheads, and Supplementary material Movie 4).
In this mutant, we also found that multiple actin cables moved past a single actin patch (Fig. 2G) . Such events were observed frequently only in srv2 cells (~85.5%) and were rare in wild-type cells (<5%) (Fig. 2G) Interestingly, actin cables occasionally exhibited a curved structure while moving along two patches, indicating that, in the srv2 mutant, actin cables can attach to multiple actin patches at the same time and that one attachment is fixed and the other isn't, resulting in the curve. Although internalization events occurred less frequently in the srv2 mutant, over 80% of actin patches were internalized along actin cables at the internalization step of endocytosis, similar to the situation in wild-type cells (Fig. 2I ).
These observations suggest that, in the srv2 mutant, short actin cables are regularly recruited to sites of actin patch assembly, but tethering of endocytic vesicles on actin cables is defective.
Disruption of actin patch dynamics and endocytic internalization in srv2 cells
Previous studies have indicated that deletion of the SRV2 gene does not result in changes in endocytosis-related parameters, such as the internalization of radiolabeled -factor and the lifetimes of endocytic proteins (Kaksonen et al., 2005; Wesp et al., 1997) . To confirm this, we next examined the effect of the deletion of SRV2 on endocytosis by assessing the internalization and transport of Alexa Fluor 594-labeled -factor (A594--factor) (Toshima et al., 2014) . We examined the localization of A594--factor at several time points after its addition to wild-type and srv2 cells. In wild-type cells, the majority of A594--factor was transported to the vacuole by 15 min after addition (Fig. 3A) . In contrast, an obvious delay of A594--factor internalization Journal of Cell Science • Advance article was observed in the srv2 mutant (Fig. 3A) . Quantitative analyses revealed that the fluorescence intensity of A594--factor decreases to ~20% in wild-type cells at 5 min after -factor addition and mostly disappears after 10 min, whereas ~61% and ~26% of A594--factor remains at the plasma membrane in srv2 cells after 10 and 15 min, respectively (Fig. 3B) . We further examined the effect on endocytosis by assessing the internalization of 35 S-labeled -factor. In contrast to a previous observation (Wesp 1997),
we found that srv2 cells exhibit a marked defect in 35 S-labeled -factor internalization ( Fig. 3C ). We also examined the effect of SRV2 deletion on recycling of the plasma membrane v-SNARE Snc1p, a PM recycling marker in yeast (Gurunathan et al., 2000) .
Consistent with A594--factor internalization, we found that recycling of Snc1p is impaired at the stage of endocytic internalization, whereas transport of Snc1p to the plasma membrane seems to be normal (Fig. 3D) . Furthermore, we found that binding of 35 S-labeled -factor to the cell surface is mostly the same between wild-type and srv2 cells (Fig. 3E ). These results suggest that expression level of the -factor receptor on the cell surface is not different between wild-type and srv2 cells and that srv2 cells have a defect in the internalization step of endocytosis.
We next examined whether the dynamics of the late coat module and actin patch were affected in the srv2 mutant. In contrast to previous studies, the lifetime of Sla1-GFP, a marker of the late clathrin coat, was significantly increased in the srv2 mutant (141 ± 66 sec), compared to wild-type cells (29 ± 6 sec) (Fig. 3F, G) . Two-color simultaneous imaging revealed that Sla1-GFP was internalized concomitantly with Abp1-mCherry ( Fig. 3F and Supplementary material Movie 5). Similarly to Sla1p, the Journal of Cell Science • Advance article lifetime of Abp1p was considerably increased in the srv2 mutant, relative to wild-type cells (43 ± 11, and 16 ± 5 sec, respectively) ( Fig. 3F , H). Quantification of fluorescence intensity for individual Abp1p patches showed that the time required to reach the maximum fluorescence intensity and the time required to decrease to the minimum intensity were both markedly increased (Fig. 3I) . Furthermore, the tracking of individual patches showed that the distance and time of the migration that patches engaged in after being released from the plasma membrane were increased in the srv2 mutant ( Fig. 3J , K). These results suggest that the srv2 mutants have a defect in both the assembly and disassembly of actin patches, resulting in a severe defect in endocytic internalization.
Effects of Srv2p domain deletion on actin and endocytic vesicle formation
To investigate in more detail the role of Srv2p on actin-mediated endocytosis, we created Srv2 mutants in which different portions of the protein were deleted, either the HFD domain (HFD), the WH2 and two proline-rich motifs (PWP), or the C-terminal CARP domain (CARP). Each mutant was integrated into the endogenous SRV2 locus (Fig. 4A) , by replacing the original gene. We also did this with the full-length SRV2 gene, putting it back into the endogenous locus in the srv2 mutant to confirm the functionality of this approach. These three mutant cell lines showed less polarized actin cables and increased Abp1p lifetimes, compared to wild-type cells ( increased in srv2CARP cells (~35 ± 12 sec), whereas srv2HFD and srv2PWP cells exhibited a moderate increase (~28 ± 7, and 24 ± 5 sec) (Fig. 4D ). These results suggest that the CARP domains have a more important role in endocytic vesicle formation.
Particle-tracking analysis revealed that in srv2HFD and srv2PWP cells, relative to wild-type cells, the time taken for actin patches to reach maximum fluorescence intensity was not significantly altered, but the time required for the fluorescence intensity to decrease was longer ( Fig. 4E ). This suggests that deletion of the HFD and PWP domains primarily affects disassembly of actin patches. In contrast, in srv2CARP cells, the times required for the fluorescence intensity to both increase and decrease were longer ( Fig. 4E ), indicating requirement of the CARP domain for both assembly and disassembly of actin patches.
Abp1p-independent localization of Srv2p at cortical actin patches
We wished to determine if any of these changes in actin behavior that we observed in the Srv2p domain mutants were due to changes in their localization. A previous indirect immunofluorescence study had demonstrated that Srv2p colocalizes with cortical actin patches and that poly-proline motifs binding to Abp1p are required for this localization (Freeman et al., 1996; Lila and Drubin, 1997; Yu et al., 1999) . To perform an in-depth characterization of Srv2p's localization and dynamics, we tagged Srv2p and its domain-deletion mutants with GFP, and examined their localization in Journal of Cell Science • Advance article living cells. Western blotting using an anti-GFP antibody confirmed that each gene product was expressed at the correct molecular mass in each mutant cell (Fig. 5A ).
Live-cell imaging revealed that Srv2-GFP patches formed at the cell cortex with a lifetime of 11 ± 4 sec, culminating in inward movement (Fig. 5B , C and Supplementary material Movie 6). Srv2p patches had similar dynamics to actin patches, initially appearing as a stationary patch and then undergoing rapid inward movement away from the original position before disappearing in the cytoplasm (Fig. 5D ). We also examined the localization of Srv2p domain-deletion mutants and found that deletion of the PWP domain significantly decreased Srv2p localization at cortical patches (Fig. 5B , F), consistent with previous observations (Lila and Drubin, 1997; Yu et al., 1999) . The localization of Srv2HFD and Srv2CARP slightly decreased compared to full-length Srv2p, while the mean lifetimes were increased (24 ± 1 sec, 27 ± 2 sec, respectively) ( Fig. 5B, C, F) . Unexpectedly, the fluorescence intensity of the cortical patches of GFP-tagged Srv2HFD protein was increased about 1.6-fold, compared to that of full-length Srv2p (Fig. 5B, G) . Interestingly, the fluorescent intensity of Abp1p patches was similarly increased in srv2HFD cells (Fig. 5G) , suggesting that the loss of HFD's F-actin disassembly-promoting activity probably causes increase of F-actin in the patches. Since it has been reported that Abp1p has a role in Srv2p localization (Freeman et al., 1996) , we next examined if the localization of each deletion mutant depended on the presence of Abp1p. The cortical Srv2p localization was affected by deleting the ABP1 gene, consistent with an earlier report, but the average number of Srv2PWP patches in abp1 cells was almost the same as that of Srv2p patches in the srv2PWP Journal of Cell Science • Advance article cells (Fig. 5E, F) . Intriguingly, we found that deletion of the HFD or CARP domain of Srv2p further decreased the cortical localization of Srv2p when expressed in abp1 cells (Fig. 5E, F ). These observations suggest that Srv2p localization at cortical patches is dependent on other interactions mediated by the HFD and CARP domains in addition to interactions with Abp1p through the PWP region.
To determine the timing of Srv2p recruitment to actin patches, we performed simultaneous two-color imaging of Srv2-GFP and Abp1-mCherry (Supplementary material Movie 6). In wild-type cells, Srv2-GFP was recruited to cortical patches several seconds after the initial assembly of the actin patch (Fig. 5H, I , blue arrowheads) and reached its maximum intensity with the same timing as Abp1p (Fig. 5H, I , red arrowheads). Deletion of the CARP domain affected the timing of Srv2p recruitment very little (Fig. 5I , blue arrowheads), suggesting the CARP domain is not necessary for Srv2p recruitment. Interestingly, Srv2p lacking the HFD domain was recruited with almost the same timing as Abp1p, whereas deletion of the PWP region significantly delayed the recruitment of Srv2p to cortical patches (Fig. 5I, blue arrowheads) . The fluorescence intensity of Srv2HFD-GFP or Srv2CARP-GFP reached a peak at almost the same time point as Abp1-mCherry, whereas Srv2PWP-GFP showed a marked delay (Fig. 5I, red arrowheads) . (Fig. 6B) . Similar to the srv2HFD mutant (Fig 4D, 5C ) the srv2-91 mutant showed increased lifetimes of Abp1p and Srv2p (~30 ± 11, and 28 ± 12 sec) (Fig. 6C) . GFP-fused Srv2-91 also showed higher fluorescence intensity and was also recruited to cortical patches with almost the same timing as Abp1p (Fig. 6D, F, G) , indicating that phenotypes in these assays caused by deletion of the HFD domain (Fig 5F, I ) are caused by defective binding to the cofilin-actin complex. The srv2-104 mutant also showed similar defects to the srv2CARP mutant (compare Fig. 6C , G to Fig 4D, 5C, I ), suggesting that the phenotypes observed in srv2CARP mutant are caused by defective binding to actin monomers.
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Srv2-201, -98, and -203 contain a mutation in the P1 (PPP→AAA), WH2 (LKKV→AAAA), or P2 region (PPP→AAA) (Fig. 6A ) and show major defects in binding profilin, ATP/ADP-actin, or Abp1p, respectively (Bertling et al., 2007; Chaudhry et al., 2010) . Among these, the srv2-98 mutant exhibited increased lifetimes of Abp1p and Srv2p (~29 ± 11, and 25 ± 10 sec), whereas srv2-201 and -203 mutants had no obvious defect in the Abp1p lifetimes, compared to wild-type cells (Fig. 6C) . In contrast, the srv2-203 mutant exhibited significantly decreased Srv2p localization at cortical patches, whereas srv2-201 and -98 exhibited only modest effects on the localization (Fig. 6E, F) . Additionally, similar to Srv2PWP, the timing of Srv2p recruitment to actin patches was markedly delayed in srv2-203 mutant (Fig. 6G) . These results suggest that the defective localization of Srv2p observed in the srv2PWP mutant is caused by defective binding to Abp1p via the P2 region.
Srv2p functions together with cofilin to accelerated actin turnover
To further analyze the mechanism of Srv2p recruitment to actin patches, we examined Srv2p localization in sla2 cells, in which endocytic internalization is defective and actin comet tails are stably assembled from endocytic sites in the cell cortex (Kaksonen et al., 2003) . Interestingly, we found that Srv2-GFP exhibited a distinct localization from the Abp1-mCherry-labeled actin structures in sla2 cells (Fig.   7A , B, upper panels, and Supplementary material Movie 7). The localization of Srv2p and Abp1p was quantified as a function of fluorescence intensity along the actin comet tail. As shown in Fig. 7C , the peak of Srv2-GFP intensity was located at the cytoplasmic Journal of Cell Science • Advance article edges of actin comet tails. Since it was demonstrated that actin subunits actively treadmill through the actin comet tail from the cortex toward the center of the cell (Kaksonen et al., 2003) , this observation suggests that Srv2p may bind to and function around the pointed ends of actin filaments, which have abundant ADP-actin. We also examined the effect of each domain-deletion mutant on Srv2p localization in sla2 cells.
A previous study had shown that cells in which both the SLA2 and SRV2 genes had been deleted were inviable (Lila and Drubin, 1997). We found that deletion of the CARP domain of Srv2p in the absence of the SLA2 gene was also lethal, whereas deletion of the HFD domain or PWP region was non-lethal (Supplementary material Fig. S3B , C).
When the PWP region was deleted in sla2 cells, Srv2PWP-GFP exhibited a localization similar to that of full-length Srv2-GFP, namely at the edges of actin comet tails, whose lengths were slightly increased ( colocalized with Srv2-mCherry at cortical patches in wild-type cells (Fig. 7D) . We also found that Cof1p is localized to cortical patches in srv2 cells as well as wild-type cells (Fig. 7E) , indicating that Cof1p can be recruited to cortical patches independently of Srv2p. Consistent with this idea, deletion of the HFD domain of Srv2p did not affect the localization of Cof1p at the cortical patches (Fig. 7E) . Simultaneous two-color imaging revealed that Cof1p is recruited to cortical patches in a manner similar to Srv2p after the actin patch assembly in wild-type cells (Fig. 7F) . In srv2 cells, Cof1p was also recruited to cortical patches after actin patch assembly, although its appearance there was significantly delayed (Fig. 7F) . Interestingly, in srv2HFD cells, Cof1p and Srv2p
were recruited to cortical patches with distinct timing; Cof1p was recruited after Abp1p with a little delay (Fig. 7G) , whereas Srv2p was recruited simultaneously with Abp1p
( Fig. 5H ). This observation suggests that localization of Srv2p is not dependent on Cof1p in the srv2HFD cells.
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DISCUSSION
Although the function of Srv2p in actin turnover and the physiological importance of Srv2p in maintaining proper actin organization has been established by several previous studies (Balcer et al., 2003; Chaudhry et al., 2013; Chaudhry et al., 2010; Dodatko et al., 2004; Johnston et al., 2015; Ksiazek et al., 2003; Mattila et al., 2004; Quintero-Monzon et al., 2009) , the physiological role of Srv2p in endocytic internalization has remained ill-defined. We investigated the phenotypes of several srv2 mutants in living yeast cells and obtained in vivo evidence for a requirement for Srv2p in actin cable assembly and endocytic internalization. On the basis of the data presented above and in previous studies, we propose a mechanism of actin patch and cable assembly regulated by Srv2p (Fig. 8) . In wild-type cells, Srv2p is recruited to cortical patches, via an association with Abp1p (Freeman et al., 1996; Lila and Drubin, 1997; Yu et al., 1999) and Cof1p via the PWP and HFD domains, respectively. The C-terminal CARP domain of Srv2p has a role in recycling ADP-actin to ATP-actin (Balcer et al., 2003; Balderhaar et al., 2013; Chaudhry et al., 2010; Mattila et al., 2004; Moriyama and Yahara, 2002) , and thereby, accelerating the assembly of both actin patches and cables. On the other hand, the N-terminal HFD domain catalyzes cofilin-mediated severing of actin filaments (Chaudhry et al., 2013) , and could promote actin patch disassembly. Recent studies have suggested a possible role for Cof1p and Aip1p at actin cables, based on observations that Cof1p localizes to actin cables in aip1 cells (Rodal et al., 1999) , and that Cof1p and Aip1p cooperatively promote rapid cable turnover (Okada et al., 2006) . Therefore, Cof1p might recruit Srv2p onto actin cables to promote rapid cable turnover Journal of Cell Science • Advance article (Fig. 8, WT) (Chaudhry et al., 2013) . In contrast, in srv2 cells, actin turnover by the CARP domain and activation of cofilin by the HFD domain are impaired, and these cause a delay in both the assembly and disassembly of actin patches. The decrease in ATP-actin levels also leads to defective formation of actin cables (Fig. 8, srv2) .
We demonstrated that deletion of the HFD and PWP domains primarily affects disassembly of actin patches, whereas the CARP domain is required for both assembly and disassembly of actin patches. Deletion of the HFD domain changed the localization of Srv2p in wild-type and sla2 cells, and in both cases, Srv2p displayed a different localization from Cof1p. The srv2-91 mutant that contains a critical mutation in the HFD also exhibited phenotypes in Srv2p localization and Abp1p dynamics, similar to those seen in srv2HFD mutant. This suggests that Srv2HFD loses the ability to bind to Cof1p and therefore Cof1p activation by Srv2p is also impaired, causing a delay in actin patch disassembly (Fig. 8, HFD) . The P2 region of Srv2p functions as a binding site for the SH3 domain of Abp1p during Srv2p localization at cortical actin patches (Freeman et al., 1996; Lila and Drubin, 1997; Yu et al., 1999) . We also demonstrated that deletion of the PWP domain or srv2-203 mutation significantly decreases and/or delays Srv2p recruitment to cortical patches. This causes a delay in Cof1p activation by Srv2p at the cortical patches and results in a delay in actin patch disassembly (Fig. 8, PWP) . The C-terminal CARP domain of Srv2p is vitally important for the proper assembly of actin patches and cables. In the srv2CARP and srv2-104 mutants, Srv2p is recruited to the cortical patches normally, probably via the HFD and PWP domains, and Cof1p activation is induced normally, but is not able to Journal of Cell Science • Advance article catalyze nucleotide exchange on actin monomers. This probably causes a decreased supply of ATP-actin monomers to be available to the growing end of actin filaments, resulting in a delay in actin patch assembly by the Arp2/3 complex and actin cable formation by the Formins (Fig. 8, CARP) . 
Fluorescence microscopy
Fluorescence microscopy was performed using an Olympus IX81 microscope equipped with a x100/NA 1.40 (Olympus) objective and an Orca-AG cooled CCD camera (Hamamatsu), using Metamorph software (Universal Imaging). Simultaneous imaging of red and green fluorescence was performed using an Olympus IX81 microscope, described above, and an image splitter (Dual-View; Optical Insights) that divided the red and green components of the images with a 565-nm dichroic mirror and passed the red component through a 630/50 nm filter and the green component through a 530/30 nm filter. FM4-64 staining was performed as described previously (Toshima et al., 2005) .
Fluorescence labeling of -factor and endocytosis assays
Fluorescence labeling of -factor was performed as described previously (Toshima et al., 2006) . For endocytosis assays, cells were grown to an OD600 of ~0.5 in 0.5 ml YPD, briefly centrifuged, and resuspended in 20 l SM with 5 M Alexa Fluor-labeled -factor. After incubation on ice for 2 hr, the cells were washed with ice-cold SM.
Internalization was initiated by addition of SM containing 4% glucose and amino acids at 25 o C.
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Preparation and internalization of 35 S-labeled -factor was performed as described previously (Toshima et al., 2005) . For the binding assay, cells were grown to an OD600 of ~0.3 in 1 ml YPD at 25 o C, briefly centrifuged, and resuspended in 50 l SM with 1%
(w/v) BSA and 35 S-labeled -factor on ice. After incubation on ice for 2 h, cells were washed with ice-cold SM and measured for their radioactivity.
Western blot assay
Immunoblot analysis was performed as described previously (Toshima et al., 2005) .
The anti-GFP antibody (Life Technologies, A-11122) was used at a dilution of 1:500
and rabbit anti-mouse IgG-horseradish peroxidase (Amersham Biosciences, Piscataway, NJ) at 1:1000 dilution was used as the secondary antibody. Immunoreactive proteins bands were visualized using ELC plus (GE Healthcare).
Image analysis
The 
